DNA replication and cellular survival requires ef®cient removal of RNA primers during lagging strand DNA synthesis. In eukaryotes, RNA primer removal is initiated by type 2 RNase H, which speci®cally cleaves the RNA portion of an RNA-DNA/DNA hybrid duplex. This conserved type 2 RNase H family of replicative enzymes shares little sequence similarity with the well-characterized prokaryotic type 1 RNase H enzymes, yet both possess similar enzymatic properties. Crystal structures and structure-based mutational analysis of RNase HII from Archaeoglobus fulgidus, both with and without a bound metal ion, identify the active site for type 2 RNase H enzymes that provides the general nuclease activity necessary for catalysis. The two-domain architecture of type 2 RNase H creates a positively charged binding groove and links the unique C-terminal helix-loop-helix cap domain to the active site catalytic domain. This architectural arrangement apparently couples directional A-form duplex binding, by a hydrogen-bonding Arg-Lys phosphate ruler motif, to substrate-discrimination, by a tyrosine ®nger motif, thereby providing substrate-speci®c catalytic activity. Combined kinetic and mutational analyses of structurally implicated substrate binding residues validate this binding mode. These structural and mutational results together suggest a molecular mechanism for type 2 RNase H enzymes for the speci®c recognition and cleavage of RNA in the RNA-DNA junction within hybrid duplexes, which reconciles the broad substrate binding af®nity with the catalytic speci®city observed in biochemical assays. In combination with a recent independent structural analysis, these results furthermore identify testable molecular hypotheses for the activity and function of the type 2 RNase H family of enzymes, including structural complementarity, substrate-mediated conformational changes and coordination with subsequent FEN-1 activity.
Introduction
DNA replication in cellular organisms occurs simultaneously on both strands. However, all known DNA polymerases catalyze nucleic acid polymerization exclusively in the 5 H to 3 H direction. Since DNA polymerases are incapable of initiating replication de novo, the replisomes of cellular organisms contain an RNA polymerase enzyme subunit (primase) that synthesizes short RNA fragments on the lagging strand, which serve as the initial primers for DNA polymerase. As a consequence, lagging strand DNA synthesis results in the production of 100-200 base-pair Okazaki fragments, preceded by a 7-12 nucleotide RNA primer. Persistence of RNA primers during replication is lethal (Qiu et al., 1999a) , requiring that the ef®cient removal of these primers be a critical step during DNA replication. This primer removal activity requires sequence-independent, speci®c recognition and hydrolysis of RNA present in an RNA-DNA hybrid duplex. In prokaryotes this function is performed by RNase H plus the exonuclease activity of DNA polymerase I. In eukaryotic systems, DNA polymerases lack an intrinsic nuclease activity, and the primer removal reaction is performed by the coupled activities of an RNase H enzyme plus the 5 H 3 3 H exo/endonuclease activity of 5 H¯a p endonuclease-1 (FEN-1) (Qiu et al., 1999b) .
RNase H enzymes are ribonucleotide-speci®c endonucleases that cleave the RNA portion of RNA-DNA/DNA or RNA/DNA duplexes (Stein & Hausen, 1969) . These enzymes, which require divalent metal cations, yield products with 5
H -phosphate and 3
H -hydroxyl termini (Crouch & Dirksen, 1982; Cathala et al., 1979) . RNase H enzymes have been identi®ed in all three kingdoms of life (Cathala et al., 1979; Frank et al., 1998a Frank et al., ,b,c, 1999 Ohtani et al., 1999a) , and recent phylogenetic sequence analysis has identi®ed two major families of RNase H enzymes: type 1 and type 2. Bacterial RNase HI, yeast RNase H1, mammalian RNase H2 and reverse transcriptase RNase H domains belong to the type 1 family, whereas bacterial RNase HII and HIII, archaeal RNase HII, yeast RNase H2 (35) and mammalian RNases H1 are type 2 enzymes (Ohtani et al., 1999b) . Several members of the type 1 RNase H family have been well characterized and crystal structures of these enzymes, most notably of Escherichia coli RNase HI, reveal the presence of a characteristic fold consisting of a ®ve-stranded central b-sheet¯anked on both sides by a-helices (Katayanagi et al., 1990 (Katayanagi et al., , 1992 Yang et al., 1990a) . These structural studies, aided by biochemical and mutational results, have identi®ed the enzyme active site, metal ion requirements, residues essential for substrate binding (Katayanagi et al., 1990 (Katayanagi et al., , 1992 Kanaya et al., 1990 Kanaya et al., , 1991a Kashiwagi et al., 1996) , and have led to models detailing nucleic acid binding and catalysis (Eder et al., 1993; Crooke, 1995; Kanaya et al., 1994; Haruki et al., 1997; Keck et al., 1998; Krynetskaia et al., 1999; Wu et al., 1999) .
Compared to the type 1 RNase H enzymes, much less is known about the type 2 family of enzymes, but their importance is underscored by both biochemical and genetic studies. Homologs from E. coli, Bacillus subtilis and Pyrococcus kodakaraensis possess ribonucleotide-speci®c catalytic activity in the presence of RNA/DNA hybrid substrates, necessary for a role in primer removal (Itaya, 1990; Haruki et al., 1998; Ohtani et al., 1999a Ohtani et al., , 2000 . Notably, the type 2 RNase H enzyme from P. kodakaraensis speci®cally cleaves ribonucleotides in a closed, covalent DNA-RNA-DNA oligonucleotide hybridized to complementary DNA (Haruki et al., 1998) , which provides an accurate model of an RNA primer¯anked by Okazaki fragments. These results demonstrate that type 2 RNase H enzymes possess the catalytic speci®city necessary to initiate RNA primer removal. Furthermore, experiments in eukaryotes reveal that type 2 RNase H enzymes are active during replication, and together with FEN-1, are required for the ef®-cient removal of RNA primers during lagging strand DNA synthesis Turchi et al., 1994; Huang et al., 1994; Murante et al., 1998; Qiu et al., 1999b) . Double deletion of the two genes encoding type 2 RNase H homologs in B. subtilis leads to cellular lethality, indicating that these enzymes are essential for cellular growth (Itaya et al., 1999) . In yeast, cell lines de®cient for either FEN-1 or type 2 RNase H exhibit growth defects and combined mutation of these genes leads to severe growth defects or lethality, both of which are rescued by the introduction of a plasmid encoding the yeast type 2 RNase H homolog (Qiu et al., 1999b) . In addition, differential sensitivity of Saccharomyces cerevisiae mutants lacking type 1, type 2 or both RNase H enzymes to hydroxyurea, ethyl methanesulfonate and caffeine, suggests that type 2 RNase H enzymes recognize a unique class of RNA/DNA hybrid substrates, an activity which is important for maintaining cell cycle integrity (Arudchandran et al., 2000) .
Although there is a high percentage of sequence similarity within each family of RNases H (Mian, 1997) , sequence comparisons of type 1 and type 2 family members from E. coli reveals only $17 % sequence similarity. This low degree of sequence similarity suggests these enzymes have differential functions within the cell, and experiments have shown that type 1 RNase H enzyme may actually function in transcription (Busen et al., 1977; Turchi et al., 1994) . The low sequence similarity between the two families of RNase H enzymes, coupled to evident differences in function, suggest that structural comparison of these two enzyme families may provide key insights into the evolutionary functional relationship between the two different RNase H families. Two paramount puzzles for the type 2 RNase H enzymes concern the possible identity of family speci®c motifs, and the structural chemistry that allows both general A-form duplex nucleic acid binding and speci®city for cleaving the RNA portion of an RNA-DNA/DNA hybrid duplex. Here, we address these challenges through integrated structural, mutational, biochemical, and kinetic results for the type 2 RNase H homolog from Archaeoglobus fulgidus that delineate the active site and binding motifs, and also provide direct evidence for the involvement of the novel C-terminal domain in substrate binding. Despite the existence of multiple RNase H orthologs in prokaryotic eubacteria, eukaryotic yeast and mammals, only one RNase H, a type 2 RNase H, exists in archaea for which complete genome sequences are known (M. Itaya and S. Kanaya, personal communication) . Thus, RNase HII is likely the major enzyme involved in RNA primer removal in these organisms, suggesting that our results are generally representative of type 2 RNase enzymes. The results of type 2 RNase H presented here implicate a speci®c molecular mechanism for RNA-DNA substrate recognition and catalysis and, furthermore suggest how positioning of the substrate may promote enzyme-induced, substrate-dependent conformational changes and catalysis.
Results and Discussion aRNase H activity
To initiate functional analysis of the type 2 RNase H family, we identi®ed, cloned, overexpressed, and puri®ed RNase HII from A. fulgidus (aRNase HII). The puri®ed, recombinant enzyme ( Figure 1a ) likely represents the minimum functional machinery common to the type 2 RNase H family, including the major mammalian RNase H. To assess the endonuclease activity of recombinant aRNase HII, we used 32 P-labeled model Okazaki fragments with varying lengths of ribonucleotides. aRNase HII preferentially cleaves an 18-mer and 37-mer RNA-DNA/DNA duplex at the 5 H end of the last ribonucleotide (Figure 1 (b) and (c)). When a longer substrate (37-mer), with 21 ribonucleotides is used, aRNase HII additionally cleaves the substrate with much lower ef®ciency at positions 8 and 11 ribonucleotides from the 5 H end (Figure 1(b) , bottom, and (c)). As the typical RNA primer length in vivo varies from 7-12 ribonucleotides, the primary reaction product is consistent with a role in RNA primer removal. The additional weak cleavage sites observed in this assay may result from general ribonucleotide-speci®c activity in the presence of an RNA/DNA substrate. In agreement with its classi®cation as a structure-speci®c endonuclease, aRNase HII shows no activity towards a single-stranded RNA-DNA chimeric molecule. These data are consistent with observed eukaryotic type 2 RNase H activity Qiu et al., 1999b) . Studies reveal an RNase HII from P. kodakaraensis, which shows 42 % sequence identity with aRNase HII, cleaves at the 5 H end of the last ribonucleotide of the RNA-DNA junction in a DNA-RNA-DNA/DNA substrate. This substrate differs from those used in our experiments, in that the RNA region is¯anked both upstream and downstream by DNA. However, the fact that both enzymes speci®cally recognize a comparable region of the substrates, and produce similar products, implies that key structural features necessary for activity are conserved among the eukaryotic and archaebacterial enzymes.
aRNase HII and the RNase H nuclease family
We determined the 1.95 A Ê resolution crystal structure of aRNase HII by multi-wavelength anomalous dispersion using a selenomethioninesubstituted protein (see Materials and Methods). C for ten minutes, and the hydrolysates were separated on a 15 % polyacrylamide gel containing 7 M urea. Size markers are shown as numbers of nucleotides (nt) on the left. Structure-speci®c endonuclease activity was veri®ed by incubating aRNase HII with the 18-mer single-stranded RNA-DNA chimera (lane 5). Stability of 37-mer (lane 2) and 18-mer (lane 4) hybrid duplexes was assayed using untreated RNA-DNA/ DNA chimeric duplexes.
Structural Biochemistry of a Type 2 RNase H
The structure of aRNase HII is re®ned to a crystallographic R value of 0.244 (R free 0.269) for all data to 1.95 A Ê resolution (residues 1-200; Table 1) , with no residues possessing unfavorable backbone geometry. The aRNase HII structure exhibits a two-domain a/b fold, with overall dimensions of 60 A Ê Â 40 A Ê Â 30 A Ê (Figure 2(a) ). The N-terminal domain (residues 1-159) is comprised of a ®ve-stranded mixed b-sheet, which is¯anked by a1, a2 and a6 on one side, and a3, a5 and a6 on the other. The C-terminal region of aRNase HII (residues 160-200) forms a small domain consisting of two short a-helices connected by an ordered loop, which caps the end of the b-sheet. The interface between the two domains is de®ned by a conserved hydrophobic core centered around the loop between b1 and b2, which is stabilized by hydrogen bond and van der Waals interactions between main-chain and side-chain atoms of conserved residues in a3, a7 and a8. This boundary, in conjunction with the central b-sheet and surrounding helices, de®nes a distinct 13 A Ê deep groove across the center of the enzyme that we propose to be important for substrate binding (see below).
Despite low sequence similarity (17 %), the central b-sheet of aRNase HII is superimposable with the b-sheet of E. coli RNase HI such that the C a atoms are within a root-mean-square (rms) deviation of 2 A Ê (for 54 residues), as determined from a structural alignment with the program SEQUOIA (Figure 3(b) ) (Bruns, 1999) . Additional structural comparisons reveal the presence of a topologically identical, mixed, ®ve-stranded b-sheet, surrounded by at least two a-helices in HIV integrase (Dyda et al., 1994) , the Holliday junction-speci®c endonuclease RuvC (Ariyoshi et al., 1994) , and the recently determined Tn5 transposase structure (Yang & Steitz, 1995; Davies et al., 2000) (Figure 3(a) ). This folding motif, commonly referred to as the RNase H-fold, due to its initial characterization in E. coli RNase HI (Yang & Steitz, 1995; Rice et al., 1996) , is characteristic of enzymes possessing nuclease and polynucleotidyl transferase activities. The conserved architecture and active site motifs evidently serve as a stable framework onto which variable loops and structural elements are added to modulate substrate binding speci®city.
The C-terminal cap domain, which is unique to the type 2 RNase H family members (Figures 2(a) and 3(b), (c)), likely confers substrate-speci®c binding capacity to the core nuclease architecture, thus accounting for the endonucleolytic speci®city of this class of enzymes. As expected, the central nuclease domain is highly conserved between the aRNase HII and mRNase HII structures, while alignment of the cap domain and the lower lip of the central groove show greater structural deviation ( Figure 3 . aRNase HII structure and structure-based type 2 RNase H secondary structure, sequence alignment, and residue function. (a) Stereo view of aRNase HII overall fold and topology with a-helices (blue coils) and b-strands (gold) labeled sequentially. The single metal ion (pink sphere), the C-terminal``cap'' domain (magenta), and the tyrosine ®nger (green) along with active site (red) and putative substrate binding (white) residues are shown looking straight into the binding groove. (b) Amino acid sequence alignment of aRNase HII (Afu) with homologs from S. cerevisiae (Sce) and Homo sapiens (Hsa), indicating the proposed active site residues (red) and residues that affect substrate binding (blue). Secondary structure is indicated above the sequence, denoting b-sheets (arrows), a -helices (ribbons) and highlighting the cap domain (magenta) and the tyrosine ®nger (green). movement of a conserved Gly-Ser-Gly-Tyr motif (Figure 2(a) , green), located in the a6-a7 loop of the cap domain, towards the conserved active site motif, which we propose to act in substrate discrimination.
Active site and implicated metal coordination
The active site of aRNase HII is identi®ed by the presence of a conserved, acidic catalytic triad located near the¯oor of the groove created by b1, b4 and a6. This active site motif is common among enzymes exhibiting the RNase H-fold, particularly the type 1 RNase H family, in which these residues are clustered in a small pocket near the middle of the central strand in the b-sheet and evidently serve as ligands to a single divalent metal ion (Katayanagi et al., 1990 (Katayanagi et al., , 1993 Yang et al., 1990b) . Structural alignment of E. coli RNase HI and aRNase HII (Figure 3(b) ) results in a surprisingly near overlap of two metal ligands, Asp6 and Asp101, whose C a atom positions are within 1 A Ê of conserved aspartate residues in E. coli RNase HI. Interestingly, the C a position of Glu7 is 5 A Ê away from the cognate residue in E. coli RNase HI. Despite this discrepancy, the similarity of the active site environments between type 1 and type 2 RNase H enzymes, combined with comparable catalytic functions suggest an analogous catalytic mechanism. However, the mechanism by which these enzymes utilize metals in catalysis is unclear, and both one and two metal ion mechanisms have been proposed to explain the metal dependency of RNase H enzymes. The one-metal ion mechanism, as proposed for E. coli RNase HI, is thought to involve a general base carboxylate-hydroxyl relay mechanism, in which coordination of a Mg 2 by one carboxyl group mediates interactions with substrate nucleic acid, while the other two conserved acidic residues position and activate a water molecule for attack at the scissile phosphate (Kayana & Ikehara, 1995) . Alternatively, the two-metal ion mechanism is based on that proposed for the Klenow fragment 3 H 3 5 H exonuclease domain, in which one metal ion interacts with the substrate, stabilizing a reaction intermediate, while the other is involved in positioning and activating a water molecule for attack at the scissile bond (Beese & Steitz, 1991; Steitz & Steitz, 1993) .
To experimentally examine the divalent metal ion coordination of type 2 RNase H enzymes, we soaked the apoenzyme in a solution containing 10 mM cobalt(III) hexammine chloride. An electron density map calculated from Co(III) containing crystals shows difference density for the Co(III) ion ( Figure 4 ). As Co(III) ligands are non-exchangeable with solvent, the metal ion in this structure is coordinated through hydrogen bonding of amine groups to carbonyl oxygen atoms of Asp6, Asp101 and the backbone carbonyl oxygen atom of Asp6. Preliminary biochemical evidence indicates that cobalt(III) hexammine chloride inhibits aRNase HII Figure 4 . aRNase HII active site de®ned by the presence of Co(III) inhibitor. (a) aRNase HII active site in the presence of cobalt(III) hexammine chloride, coordinated by Asp6, Asp101 and Glu7, and Asp129 (yellow). Electron denisity from the 2.15 A Ê resolution re®ned model is shown for the acidic triad Asp6, Asp101 and Glu7, and Asp129 (2F obs À F calc contoured at 1.2s, blue) as well as the Co 3 (F metal À F nat difference density contoured at 8s, gold). (b) Comparison of the proposed active site residues in aRNase HII, mRNase HII and E. coli RNase HI enzymes. All three structures are shown in the same orientation (as in (a)) after structural alignment with the program SEQUOIA. Metal ions are shown as pink spheres (aRNase HII and E. coli RNase HI; PDB code: 1RDD). The red icosahedron represents a water molecule located near the active site in the mRNase HII structure (PDB code: 1EKE), which was determined without a bound metal ion.
Structural Biochemistry of a Type 2 RNase H (unpublished results), possibly resulting from the absence of exchangeable water ligands capable of activation for hydrolytic cleavage of the RNA, and implicating the divalent metal in type 2 RNase H enzymes in activating the catalytic water molecule. Alternatively, cobalt(III) hexammine chloride could sterically block access to active site residues, preventing direct ligation of a divalent cation. While the presence of a single cobalt(III) hexammine chloride in the active site agrees with previous structural observations, it does not show that catalysis necessarily proceeds through a single-metal ion mechanism, as the presence of a nucleic acid substrate may provide the phosphate ligands necessary for a second metal site (Keck et al., 1998) . However, these aRNase HII experimental results are consistent with the structurally identi®ed acidic triad, and suggest further mutational and biochemical experiments necessary to elucidate the nature of metal ion-dependent activity of this class of enzymes.
Structural comparison of the independently determined aRNase HII and mRNase HII type 2 enzymes supports the metal-binding role for two herein identi®ed, conserved aspartate residues (Lai et al., 2000) . The third metal ligand in mRNase HII, however, was proposed to be a conserved aspartate corresponding to Asp129 in aRNase HII (Lai et al., 2000) (Figure 4(b) ). Conservative mutation, and subsequent activity analysis of structurally identi®ed, catalytically important residues Asp6, Asp101 and Glu7 indicate that endonucleolytic activity is severely inhibited by mutation of these residues, whereas mutation of Asp129 shows an approximate 50 % reduction in enzymatic activity ( Figure 5 ). The absence of catalytic activity in the D6N, D101N and E7Q mutants agrees with the results of identical mutations of corresponding residues in E. coli RNase HI (Asp10, Asp70, Glu48; Figure 4(b) ). The moderate decrease in catalytic activity observed in the D129N mutant is also consistent with conservative mutation of the cognate residue in E. coli RNase HI (Asp134; Figure 4(b) ). Based on extensive mutational analysis of this residue in E. coli RNase HI, it was proposed that the presence of a polar atom at this position, capable of participating in hydrogen-bonding interactions is essential for catalysis (Haruki et al., 1994; Kashiwagi et al., 1996) . Furthermore, based on these data, this residue was proposed to activate a water molecule for attack at the scissile bond, while the acidic triad was primarily involved in metal coordination (Kashiwagi et al., 1996) , which we suggest acts to appropriately position the 5 H phosphate for catalytic attack by the activated water molecule. Thus, this aRNase HII structure, coupled with these mutational and biochemical results, supports the catalytic importance of the acidic triad Asp6, Asp101 and Glu7, and identi®es potential metal ligands that are distinct from those proposed for mRNase HII (Figure 4(b) ). The existence of two experimentally testable de®nitions of the conserved catalytic triad, derived from independently determined structures, coupled with preliminary mutational analysis of Asp129, suggests possible molecular mechanisms; however, future biochemical and mutational experiments Figure 5 . Catalytic activity of mutant aRNase HII with 18-mer RNA-DNA/DNA duplex substrate. Enzymatic activity of each protein was determined at 30 C for ten minutes in 10 mM Tris-HCl (pH 8.0) buffer containing 50 mM NaCl, 1.5 mM bovine serum albumin, 5 mM b-mercaptoethanol, with 25 nM protein and the 18-mer RNA-DNA/DNA duplex substrate. For the control, the labeled substrate was added to a reaction omitting the enzyme. A basehydrolyzed RNA ladder was prepared as described (see Materials and Methods), and the RNA sequence is shown on the left. Arrows indicate the site of cleavage. Key: 1, aRNase H mutant D6N; 2, mutant E7Q; 3, mutant D101N; 4, mutant D129N; 5, wildtype aRNase H; and 6, control.
will be important for elucidating the mechanism of the type 2 RNase H enzymes.
Substrate binding groove
In the type 2 RNase H structure, the central ®ve-stranded b-sheet is¯anked by a-helices on both sides, and is capped on top by the C-terminal subdomain, de®ning a distinct groove (29 A Ê long Â 18 A Ê wide Â 13 A Ê deep) across the center of one face of the enzyme. Overall, the groove is slightly bent, resembling an open claw, with the conserved Gly-Ser-Gly-Tyr motif (Figure 2(b) ) on the a6-a7 loop jutting inward, poking a``tyrosine®nger'' towards the active site (Figure 2(a) ). The inner walls of the groove are positively charged for interaction with either the negatively charged phosphate backbone, or the 2 H -OH present in the minor groove of an RNA-DNA/DNA hybrid duplex (Figure 6(a) ). The active site lies approximately 10 A Ê below and just inside of the bottom lip of the groove formed by b4, the b4-a5 loop, the bottom of a6, and the a5-a6 loop (Figure 2(a) ). Outside the central catalytic cavity, a6, b2, b3, and a4 make up the walls of the groove, while the top rim is anchored to the central b-sheet by hydrophobic interactions between loop regions at the bottom of the cap domain, and the b1-b2 loop (Figure 2) .
The prominent active site binding groove houses the majority of conserved basic and polar residues within the type 2 RNase H family (Figure 6(b) ). These residues are asymmetrically distributed within the groove, with the majority of conserved residues concentrated on one face of the binding groove. As the arrangement of a-helices and loops lining the groove is different on each side of the active site, the cluster of conserved residues provides a directionality to the groove that is likely important for substrate alignment. Thus, the RNA/DNA hybrid duplex substrate likely binds across the enzyme surface, with the helical axis perpendicular to the central b-sheet, similar to the duplex DNA binding mode observed for uracil-DNA glycosylase (Slupphaug et al., 1996; Parikh et al., 1998 Parikh et al., , 2000 .
These type 2 RNase H structures support proposals that RNase H enzymes discriminate RNA/ DNA duplexes from normal DNA by speci®cally recognizing double-stranded nucleic acids that adopt non-standard structures, as RNA-DNA/ DNA hybrid duplexes adopt a conformation that is intermediate between A-form and B-form DNA (Fedoroff et al., 1993; Gyi et al., 1996 Gyi et al., , 1998 Conn et al., 1999) . Three positively charged or polar residues, Lys143, Arg46, and Gln43 and the N-terminal helical dipole of a2 (Figure 2(a) ) penetrate into the substrate-binding groove from a6 and the¯anking a1-a2 loop region, and are spaced an average of 6 A Ê apart from each other. The precise spacing of these residues evidently de®nes à`p hosphate ruler'' that could confer selective binding speci®city via charge complementarity, due to the shorter inter-phosphate distances in A-form nucleic acid, relative to B-form (5.9 A Ê , compared to 7.0 A Ê ) (Saenger, 1984) . Of these three residues, both Lys143 and Arg46 are absolutely conserved within all type 2 RNase H enzymes, and the farthest residue from the active site, Gln43, is adjacent to the positive dipole of a2 and is substituted in several homologs by a polar or positively charged residue (Figure 2(b) ). Additional conserved residues including Arg146, located above Lys143, likely aid in the positioning of an RNA/DNA duplex by interacting with negatively charged phosphate groups. In addition to this phosphate recognition role, Arg146 may stabilize the b1-b2 loop and thereby couple substrate binding to movement of the cap domain. We propose that cap domain motions are furthermore likely to be coupled to substrate binding through the positioning of a tyrosine ®nger motif containing the sequence Gly-Ser-Gly-Tyr. The key residue of this motif, Tyr164, is $7 A Ê above the active site and is evidently poised to interact with substrate nucleic acid bases through hydrophobic stacking interactions. Thus, the existence of this multivalent, structure-speci®c binding surface, which could allow speci®c recognition of an A-form nucleic acid conformation via the Tyr ®nger and Arg-Lys phosphate ruler motifs, is likely important for substrate targeting in the primer removal pathway of higher eukaryotes.
The structure of mRNase HII contained a single molecule of 2-(N-morpholino) ethanesulfonic acid (Mes) (Lai et al., 2000) bound in the upper left corner of the central groove, as oriented in Figure 3(c) , suggesting a different substrate binding face from that proposed here for aRNase HII. However, structural and biochemical results for type 2 RNase H enzymes suggest it is unlikely that speci®c, substrate discriminating protein-nucleic acid contacts occur in the region where Mes binds. Instead, the positively charged residues located near the Mes binding site, and outside of a9 and a4, likely interact weakly with the phosphate backbone of a bound substrate, providing electrostatic complementarity with the duplex nucleic acid.
To experimentally test these proposed binding modes, we assayed the substrate binding and catalytic properties of speci®c aRNase HII mutants. Individual alanine mutations of residues Arg46, Lys143, Arg146, and Tyr164, result in signi®cantly decreased af®nities, with small changes in k cat ( Table 2 ). The most dramatic effects were observed with the R46A mutant, which displayed a 60-fold increase in K m . Coupled with the over 30-fold decrease in substrate binding af®nity observed for the K143A mutant, these data support the role of these residues in generic A-form substrate recognition, as key constituents of the proposed phosphate ruler motif. A signi®cant decrease in binding af®nity was also observed with the Y164A mutant, which displayed a 44-fold increase in K m . This dramatic effect of the Tyr164 mutant suggests to us that this residue may intercalate into the duplex to stabilize a bent conformation that may be import-ant for substrate recognition and catalysis, similarly to that seen in the structure of endonuclease IV speci®cally binding abasic site-containing DNA (Hos®eld et al., 1999) . Consistent with the importance of these Tyr ®nger and phosphate ruler motif residues in substrate binding, combined mutations caused the enzymatic activity of aRNase HII to approach zero (data not shown), and thus support a model in which substrate binding speci®city is tightly coupled to enzymatic activity.
Implications for substrate recognition and catalysis
The aRNase HII structures and mutagenesis data presented here suggest a speci®c, testable molecular mechanism for substrate binding and positioning by the type 2 family of RNase H enzymes. The overall size and shape of the substrate binding groove suggests that the substrate nucleic acid is bound such that the helical axis is perpendicular to Figure 6 . aRNase HII substrate binding implicated by electrostatic and conserved surfaces. (a) Electrostatic surface of aRNase HII, indicating the electrostatic complementarity important for multivalent interaction with substrate nucleic acid. The electrostatic surface potential was calculated using UHBD (Davis et al., 1991) , mapped onto the solvent-accessible surface calculated using a probe radius of 1.4 A Ê and displayed using AVS (Upson et al., 1989) . The surface is colored by electrostatic potential (1.5 kT/e to À1.5 kT/e) with electropositive regions colored blue and electronegative regions colored red. (b) Solvent-accessible surface of aRNase HII colored by residue conservation, based on sequence alignment of 19 type 2 RNase H sequences. Highly conserved regions are red, while unconserved regions are white. The position of the metal ion is represented by a pink sphere. The highly conserved regions of the central groove house the active site/metal ligands and key residues shown to effect substrate binding. the central b-sheet. Importantly, an RNA-DNA hybrid duplex can bind with the 3 H end of the RNA portion located near the active site metal, while ribonucleotides further upstream make minor groove 2 H -OH or phosphate backbone contacts to the phosphate ruler motif formed by positively charged residues lining the¯oor of the binding groove (Figure 7 ). This implicated nucleic acid binding orientation positions the substrate such that the tip of a7, along with the tyrosine ®n-ger motif from the cap domain, are partially wedged into the major groove preferentially positioned to interact with the phosphate backbone, with Tyr164 positioned near the scissile bond.
The substrate binding mode proposed here for aRNase HII is consistent with earlier studies on E. coli RNase HI, in which the substrate position was proposed to be similar with respect to the central b-sheet (Kanaya et al., 1991b; Nakamura et al., 1991; Katayanagi et al., 1992) . However, unlike the proposed E. coli RNase HI binding model, in which substrate binding and positioning requires roughly 1.5 turns of RNA/DNA hybrid substrate, the aRNase HII groove is only long enough to accommodate a single turn of an A-form double helix. Furthermore, speci®c minor groove contacts appear to extend only four to ®ve nucleotides upstream of the scissile bond. Thus, the binding mode proposed here may explain the ability of type 2 RNase H enzymes to speci®cally cleave the phosphodiester bond of a closed, covalent RNA-DNA hybrid duplex containing four ribonucleotides¯anked by DNA, leaving a single ribonucleotide on the 5 H end of the substrate (Ohtani et al., 1999a) . During lagging strand DNA synthesis, this activity, which is a hallmark of type 2 RNase H enzymes, creates a potentially lethal intermediate, should the ribonucleotide be incorporated into the newly synthesized DNA strand.
Biochemical experiments, which demonstrate the ability of FEN-1 to complement RNase H activity by removing the ®nal ribonucleotide, along with these aRNase HII structural results, suggest how the cell may be protected from the product of type 2 RNase H activity. The underlying molecular mechanism that couples these activities is unknown; however, our structural and biochemical results indicate that binding speci®city is mediated by the cap domain and supported by multivalent interactions with the substrate, suggesting that aRNase HII may be able to bind tightly to its reaction product and then be displaced by FEN-1 binding to its resulting substrate. This type of coordinated hand-off to couple pathway steps resembles that proposed for enzymes of the DNA base-excision repair pathway, in which structurespeci®c recognition is coupled to general endonuclease activity (Parikh et al., 1998; Mol et al., 2000; Tainer & Friedberg, 2000) . Given the implicated importance of the cap domain in speci®c substrate binding, the toxicity of the free double-stranded nucleotide product, and the existence of functional FEN-1 in archaebacteria, this novel cap domain in the type 2 RNase H family may also play a key role in mediating pathway coordination.
Our aRNase HII structural and mutational results address a poorly understood aspect of RNase H activity, which comes from the ®nding that both type 1 and type 2 enzymes bind A-form Figure 7 . aRNase HII proposed substrate binding mode. Front view of aRNase HII in which an RNA/ DNA hybrid (green), generated based on NDB:rh0001, has been docked onto the electrostatic surface. A portion of the RNA strand of the hybrid duplex (red) is shown threading through the substrate binding groove. The substrate was manually positioned by placing negatively charged regions of the minor groove and phosphate backbone near the phosphate ruler formed by residues Gln43, Arg46, Lys143 and Arg146, which are proposed to mediate substrate binding interactions.
Structural Biochemistry of a Type 2 RNase H duplex RNA, and RNA/DNA hybrid duplexes, but these enzymes only cleave the hybrid duplex Wu et al., 1999) . These binding studies indicate that while the substrate binding region may appear optimized to bind an A-form double helix, the catalytic mechanism requires a speci®c feature or¯exibility in the substrate duplex. Solution structures of RNA/DNA hybrid duplexes highlight the¯exible nature of RNA/ DNA hybrid duplexes, compared to canonical Aform RNA duplexes (Fedoroff et al., 1993; Gyi et al., 1996 Gyi et al., , 1998 . Our combined structural and kinetic analyses of aRNase HII indicate that Tyr164 plays an important role in substrate binding, and this tyrosine side-chain is furthermore structurally poised to couple a hinge movement in the cap domain to substrate binding through the tyrosine®nger motif. Such a functionally coupled conformational change may be mediated through protein-nucleic acid interactions near the¯oor of the groove (Lys143, Arg46, Gln43), and/or by movement of the b1-b2 loop through modi®ed interactions with Arg146 in the presence of substrate. In this scenario, the rigidity of an A-form double helix may limit conformational change, preventing the proper interaction of Tyr164 with the substrate, and thus blocking catalysis. Conversely, the structural plasticity of an RNA/DNA hybrid duplex may accommodate such movement. Thus, the shape of the substrate binding groove, the positioning of positively charged residues including the phosphate ruler motif within the groove, and the conformational¯exibility of the tyrosine ®nger motif may couple general structural complementarity to substrate-mediated conformational change in order to achieve catalytic speci®city.
These aRNase HII structural and mutational results, together with the crystal structure of mRNase HII (Lai et al., 2000) , provide important experimental grounds for comparisons and identify testable hypotheses to study the activity and function of type 2 RNase H enzymes, including the major mammalian RNase H. Importantly, the structurally and biochemically de®ned aRNase HII active site and binding groove suggest substrate interactions that differ from those implicated from mRNase HII alone. In particular, kinetic analysis of key substrate binding residues in aRNase HII suggests that important substrate contacts are made within the binding groove, distinct from the Mes binding site seen in the mRNase HII structure. Our aRNase HII results also implicate key acidic residues important for catalysis, identifying somewhat different roles for the active site residues than those proposed from the mRNase HII structure alone. These differences thus suggest two independent testable hypotheses for both substrate binding and active site catalysis, and highlight the importance and signi®cance of using different experimental systems to examine the function of the major mammalian RNase H family of enzymes. Moreover, conserved type 2 RNase H structural features identi®ed here, including the two-domain architecture comprised of an RNase H-fold plus the novel helix-loop-helix C-terminal cap domain stabilized by a hydrophobic interface, verify the presence of structurally conserved motifs that distinguish this type 2 RNase H class of enzymes from other RNase H enzymes within the context of a common nuclease family.
Materials and Methods

Cloning of aRNase HII
An open reading frame in the A. fulgidus genome corresponding to a type 2 RNase H was identi®ed in the NCBI database (http://www.mcbi.nlm.nih.gov/), and ampli®ed by the polymerase chain reaction (PCR) using A. fulgidus genomic DNA purchased from ATCC (Rockville, MD). PCR primers were designed to incorporate an NdeI restriction site at the translation start site, and a BamHI restriction site in the 3 H -untranslated region. The PCR product was digested with NdeI and BamHI, ligated into pET-28b (Novagen, Madison, WI), digested with the same enzymes, and a representative positive clone was sequenced for veri®cation and designated pET28b-RH2.
aRNase HII overexpression and purification pET28b-RH2 was used to transform E. coli BL21(DE3), and a single colony was inoculated in 3 ml of Luria broth (LB) with 30 mg/ml kanamycin and cultured overnight at 37 C. This culture was used to inoculate nine liters of LB kanamycin, and induced with 0.4 mM isopropyl b-D-thiogalactopyranoside when the cell density reached an A 600 of 0.6. Following induction, the cells were grown for four to ®ve hours, pelleted, and resuspended in buffer B (10 mM Tris (pH 7.5), 150 mM NaCl, 10 mM imidazole) by brief sonication. Cells were lysed by heating the suspension at 75 C for 45 minutes and then immediately cooled to 0 C in an ice-water bath. This protocol, which takes advantage of the archaebacterial protein's thermostability, not only lysed the cells but also precipitated the majority of contaminating mesophilic proteins. The resulting solution was centrifuged at 25,000 g, and the supernatant was loaded onto a 25 ml Ni-NTA-Sepharose column (Pharmacia Biotech, Piscataway, NJ) pre equilibrated with buffer B. After washing with 100 ml of buffer B, followed by 100 ml of buffer B containing 20 mM imidazole, aRNase HII was eluted with buffer B containing 500 mM imidazole and dialyzed against buffer C (50 mM Mes (pH 6.5), 200 mM NaCl). At this point, aRNase HII was 90 % pure as judged by SDS-PAGE analysis. To remove traces of contaminants, the protein solution was loaded onto a 20 ml Porous HQ column (Pharmacia, Piscataway, NJ) preequilibrated with buffer C. Pure aRNase HII eluted immediately upon washing with 50 ml of buffer C, free of nucleic acid and protein contaminants.
Selenomethionine-labeled protein was produced by overexpression of aRNase HII from the pET28b-RH2 plasmid in E. coli B834 cells (Novagen, Madison, WI). These cells are methionine-auxotroph BL21(DE3) derivatives, which incorporate selenium-labeled methionine into expressed proteins when the growth medium is supplemented with seleno-L-methionine (Sigma, St. Louis, MO). The over-expression conditions and puri®-cation strategy was identical with that used for wildtype aRNase HII, except buffer B contained 10 mM b-mercaptoethanol (Sigma, St. Louis, MO) and buffer C contained 1 mM dithiothreitol (DTT).
Crystallization, data collection, and processing
Crystals of wild-type aRNase HII were grown by hanging drop vapor diffusion by mixing equal volumes of protein solution (40 mg/ml) with the precipitant solution (10 % polyethylene glycol monomethylether (MPEG) 5000, 10 % butanol, 20 mM sodium citrate, 100 mM Tris (pH 8.5)). Single, diffraction quality crystals grew over a period of three days to a size of 0.2 mm Â 0.2 mm Â 0.4 mm. The crystals belong to the hexagonal space group P6 5 22 (a,b 74 A Ê , c 140 A Ê ) and contain one molecule of aRNase HII in the crystallographic asymmetric unit. A cobalt(III) hexammine chloride complex was obtained by soaking crystals in mother liquor forti®ed with 10 mM cobalt(III) hexammine chloride for one hour. All data were collected at À180
C from crystals¯ash-cooled in mother liquor containing 10 % glycerol at the Standford Synchrotron Radiation Laboratory (SSRL) on beam-line 9-1, and 9-2 for wild-type and cobalt derivatives, respectively.
Selenomethionine-substituted protein was crystallized in the tetragonal space group P4 3 2 1 2 (a,b 74 A Ê , c 105 A Ê ), by using the hanging drop vapor diffusion method by mixing equal volumes of protein solution (20 mg/ml) with precipitant (12 % MPEG 5000, 10 % butanol, 1 mM DTT, 20 mM sodium citrate, 100 mM Tris (pH 8.5)). Experimental phases were obtained by multiwavelength anomalous dispersion (MAD) from a single crystal of SeMet-aRNase HII using four wavelengths near the selenium absorption edge. Data were collected at À180
C from crystals¯ash-cooled in mother liquor containing 10 % glycerol at beamline 5.0.2 at the Advanced Light Source (ALS). All data were indexed and integrated with the programs DENZO and SCALE-PACK (Otwinowski, 1993) , and data reduction was performed using the CCP4 suite of programs (Collaborative Computational Project Number 4, 1994) .
Structure determination
Three of the expected selenium positions were located using the program SOLVE (Terwilliger & Berendzen, 1999) , and experimental phases to 2.7 A Ê resolution were calculated using SHARP (de La Fortelle & Bricogne, 1997) , and improved by solvent¯attening with SOLO-MON (Collaborative Computational Project Number 4, 1994) . The experimental maps were of suf®cient quality to allow 192 of 205 residues to be manually modeled using the program XFIT (McRee, 1999) . Positional and grouped temperature-factor re®nement, followed by simulated annealing, and manual model building using the CNS program suite (Bru È nger et al., 1998) gave an intermediate model that was used to phase the 1.95 A Ê data set by molecular replacement using AMoRe (Navaza, 1994) . Further re®nement and manual rebuilding into bias-reduced simulated-annealing omit maps gave a ®nal model with a crystallographic R value of 0.244 (R free 0.269) for all data with no s cutoff. After re®nement, structural comparison of the 1.95 A Ê model from the hexagonal crystals to the crystallographically independent 2.7 A Ê model from the tetragonal crystals showed a root-mean-square deviation of 0.9 A Ê , as determined with SEQUOIA. The majority of these slight deviations are located in the cap domain, consistent with the idea of a domain movement during catalysis suggested by the¯exible link joining the domains. Electrostatic surface calculations were performed with UHBD (Davis et al., 1991) , structure superpositions and alignments were done with SEQUOIA (http://www.scripps.edu/ $ bruns), and Figures were generated using the Advanced Visualization Systems software (Upson et al., 1989) .
RNase H activity assays
The RNA/DNA substrates used in this study were assembled from the hybrid oligonucleotides: RD18:5 H -(UUGCAUGCC)d(TGCACCTCG) and RD37: 5 H -(GGGAACAAAAGCUUGCAUGCC)d(TGCAGGTCG ACTCTAG) and complementary DNA oligonucleotides. The oligoribonucleotides were 5 H -end-labeled using [g-32 P]ATP and phage T4 polynucleotide kinase and hybridized in reaction buffer (20 mM Tris, 10 mM MgCl 2 , 25 mM NaCl) containing 100 nM labeled oligoribonucleotide and 200 nM complementary DNA. Hybridization reactions were heated to 72 C for ®ve minutes, and then annealed by slowly cooling to room temperature.
RNase H assays were performed in standard reaction conditions (50 mM Tris-HCl (pH 8.0), 1 mM MgCl 2 , 1.5 mM bovine serum albumin, 5 mM b-mercaptoethanol) with 0.1 mM RNA-DNA/DNA hybrid. Enzymes were diluted from concentrated stocks in 20 mM TrisHCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, 10 mM b-mercaptoethanol to the ®nal stock concentrations in 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1.5 mM bovine serum albumin, 1 mM DTT, 30 % glycerol prior to usage. Enzyme concentrations for a typical reaction ranged from 0.1 nM to 10 nM and all reactions were incubated at 30 C for speci®ed time intervals and quenched with an equal volume of stop solution (USB, Cleveland, OH). A base hydrolysis ladder was prepared by incubation of 5 H -end-labeled RNA at 90 C for ®ve minutes in 100 mM NaCO 3 (pH 9.0).
Steady-state enzyme kinetics
Steady-state kinetic reactions were carried out in the same conditions as described above by using the RD18 duplex at concentrations ranging from 0 to 5 mM. Initial velocity measurements were determined by measuring differences in substrate and product intensities on a denaturing 15 % polyacrylamide gel containing 7 M urea, by PhosphorImager (Molecular Dynamics, San Diego, CA) as a function of time. Velocity measurements were expressed as the rate of the converted substrate concentration (nanomolar) over time (minutes) and one unit of enzymatic activity is de®ned as the amount of enzyme producing 1 mmol of product per minute. Speci®c activity was de®ned as the enzymatic activity per milligram of protein. As aRNaseHII substrate hydrolysis follows Michaelis-Menten kinetics, the kinetic parameters, K m and V max were determined from an Eadie-Scatchard plot. Data from multiple assays were analyzed by linear regression methods using software provided in the CricketGraph data analysis package (Cricket Software, Philadelphia, PA).
Protein Data Bank accesion codes
The coordinates of aRNase HII and of the aRNase HII cobalt(III) hexammine chloride inhibitor complex have Structural Biochemistry of a Type 2 RNase H been deposited in the RCSB Protein Data Bank under ID codes 1I39 and 1I3A, respectively.
